The performance of deployment properties on folded membrane structures for solar sail was investigated. The theoretical analyses for one-dimensional Z-fold membrane model were performed as inextensible membrane model with large deformation theory as Elastica problem. The deployment ratio was examined through numerical simulation and experiment. To correct the geometrical effects between uniform strip model and triangular mode, a correction factor based on the aspect ratio of the geometry was introduced, and the results were good agreement with the results of numerical model and experiment one. L-fold membrane model was also examined in the experiments to investigate the deployment performances as two-dimensional deployment membrane model. The results for the L-fold membrane indicate that the two-dimensional deployable membrane has less deployment performance than the one-dimensional one due to the constraint of creases.
Introduction
The mechanics of creased membrane has was analytically investigated in our studies. [1, 2] They showed that the residual distortion of the membrane is localized around creases. This paper investigated the deployment characteristics of creased membrane for Solar Sail on geometrical configuration and fold pattern of the membrane. Theoretical analyses for one-dimensional Z-fold membrane model are performed using the inextensible membrane model with large deformation theory as Elastica problem based on our previous studies. 
Figure 2 Membrane element
The deployment ratio is examined through numerical simulation and experiment. To correct the geometrical effects between uniform strip model and triangular mode, a correction factor based on the aspect ratio of the geometry is proposed to predict the deployment performance for arbitrary geometry of the membrane.
Finally, L-fold membrane model is also examined in the experiments to investigate the deployment performances as two-dimensional deployment membrane model.
Deformation of deploying membrane
The following formulation is an extension of our previous studies. [1, 2] Figure 1 indicates one-dimensional creased membrane model for Solar Sail. The deformation is analyzed for the half unit of the membrane. The coordinate s −t is defined with curved coordinate along with the membrane surface.
The deformation u and w directed to s and t are derived in terms of ψ as indicated in Fig. 2 .
where, u 0 , w 0 are the deformation at the neutral line of the membrane. As the elastic modulus of the membrane material for Solar Sail, i.e. polyimide film, is hih and the external in-plane force is small, the in-plane deformation is recognized to be small value. Thus, the deformation at the neutral line is described as,
The equilibrium equations for the in-plane force are derived as,
Also, the strain introduced in the membrane is described as,
Substituting Eq. (1) to Eq. (6), and using Eq. (2), the following relationship is obtained.
The bending moment is calculated as,
The shear force induced in the membrane is calculated from Eq. (5) as,
Therefore, by using Eq. (3), (4) , and (9), the deformation of the membrane is described by the following differential equation.
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As shown indicated in Figure 2 , the in-plane force and shear force are determined as,
Thus, the equilibrium equation is indicated as the following. By integrating the equilibrium equation and using (9) and (11) to determine the integer constants, the basic equation is obtained as,
For the basic equation, Eq. (13), the boundary conditions are considered as the following.
The condition of simultaneous deployment give the following boundary condition.
The equilibrium condition for the bending moment and external moment due to the crease, the boundary conditions are described by using rotational stiffness, K, at the crease as,
The equilibrium condition for the shear force is obtained as,
The rotational stiffness, K, is calculated by using curved beam theory, and obtained in terms of the geometrical and material parameters indicated in Fig. 3 .
Also, the normalized equilibrium equation is obtained when the following variable is introduced in the Eq. (13).
Finally, the non-dimensional equilibrium equation is obtained as, The non-dimensional tensile force, α, is considered as a similarity parameter.
Results of numerical analyses
In the numerical analyses, the following parameters are assumed as t = 50µm, R = 20t, and t/l = 5 × 10 −5 . Figure 4 indicates the relationship between the nondimensional tensile force and deployment ratio, with respect to the initial deployment angle. The deployment ratio is increased as the non-dimensional tensile force is increased. Also, the deployment ration decreases as the initial deployment angle is increases.
We introduce the recovery factor, γ r , defined as,
where, γ ≡ x max /l, is the deployment ratio. The results for the deployment recovery factor are plotted in Fig. 5 . As shown in the figure, the recovery factor is independent to the initial deployment angle. By approximating the results, the recovery factor is described as,
Finally, the deployment ratio is approximated as the following.
The maximum residual distortion of the membrane, i.e. the residual deformation at the crease, is indicated in Fig. 6 . As shown in the figure, as the non-dimensional tensile force is increased, the maximum residual distortion is decreased, and the values are depend on the initial deployment angle.
When the results are non-dimensional by the initial maximum distortion, l sin θ 0 , the results are re-plotted as Figure 6 Tensile force v.s. maximum deviation Fig. 7 . Thus, the results can be independent to the initial deployment angle, and approximated as,
Therefore, the maximum residual deformation is obtained as,
Deployment experiments of membrane specimen
To investigate the deployment performance of the creased membrane for Solar Sail, some deployment experiments with small specimen of folded membrane are performed. The fold patterns are indicated in Fig. 9 , where Fig. 9(a) is the rectangle Z-fold specimen, Fig. 9(b) is the triangle Z-fold petal model for Type-1 in Fig. 8(a) , and Fig 9(c) is the triangle L-fold petal model for Type-2 in Fig. 8(b) . Figure 10 indicates the experimental setup for the Z-fold specimen and the L-fold one. In the experiment, the local deployment ratio is measured for elements, A, B, C, D for the Z-fold specimen. For the L-fold specimen, the deployment ratio for the plane area is used to examine the deployment characteristics.
The material properties and configuration of the specimens are indicated in Table 1 . 
Rectangular Z-fold membrane
The results of simplest rectangular Z-fold membrane(N=2) are indicated in Fig. 11 . The local deployment property is almost same for elements A and B, although the different boundary condition and the gravity effect because of the smallest number of folds.
By increasing the number of folds for the rectangular Zfold specimen, the deployment performance depends on the location of elements as in Fig. 12 . Figure 13 indicates all the results obtained in the experiments for the rectangular Z-fold specimens. As shown in the figure, the deployment ratio is continuously obtained at the element A.
However, the theoretical value becomes larger with respect to the experimental one for the same nondimensional tensile force as indicated in Fig. 14 .
Triangular Z-fold membrane(base fixed)
The deployment properties for the triangular Z-fold membrane(N = 2) with base fixed are indicated in Fig. 15 . The results are similar for those of the rectangular Z-fold membrane in Fig. 11 . However, the values cannot be directly compared because of the difference of the basis for calculating the non-dimensional tensile force, i.e. the width of the specimen. To correct the nondimensional tensile force due to the geometrical configuration, the correction factor is introduced. We assumed that the deployment performance is proportion to the structural deformation for the tensile force in the ideal plate model as Fig. 16 .
Under the assumption, the deformations of the rectangular membrane and the triangular one for the tensile force. P, are calculate as the following.
Thus, the following correction factor is calculated as,
Therefore, the corrected non-dimensional tensile force for the triangular membrane is calculated as,
non-dimensional tensile force Figure 13 Deployment ratio of Z-fold rectangular specimens
non-dimensional tensile force experiment theory Figure 14 Deployment ratio of Z-fold rectangular specimen (comparison of experiment and theoretical analysis) Figure 17 indicates the deployment performance using the corrected non-dimensional tensile force for the rectangular and the triangular membrane specimens. By applying the correction factor, the deployment ratio for the triangular membrane model is estimated by the result of the rectangular model.
Gravity and Fold Pattern
The centrifugal Solar Sail has distribution for the tensile force. Thus, the base fixed condition gives opposite tensile force distribution. To compare the effects of tensile force and gravity, the triangular Z-fold model with top fixed is demonstrated in Fig. 18 . Also, the effects of fold pattern for the Z-fold and L-fold is considered in the figure.
A slight better deployment ratio is obtained for the base fixed triangular model in the small non-dimensional tensile force.
The results of L-fold membrane model are also indicated in Fig. 18 . The results for the L-fold membrane indicates that the two-dimensional deployable membrane has less 
Conclusions
The deployment performance of Solar Sail membrane structures was investigated. The theoretical analyses for one-dimensional Z-fold membrane model were performed as inextensible membrane model with large deformation theory as Elastica problem. The deployment ratio was examined through numerical simulation and experiment. To correct the geometrical effects between uniform strip model and triangular mode, a correction factor based on the aspect ratio of the geometry was introduced, and the results were good agreement with the results of numerical model and experiment one. Lfold membrane model was also examined in the experiments to investigate the deployment performances as two-dimensional deployment membrane model. The results for the L-fold membrane indicate that the twodimensional deployable membrane has less deployment performance than the one-dimensional one due to the constraint of creases.
